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ABSTRACT are probably those proposed by Tessier et al. (1979)
and the Community Bureau of Reference (BCR) (Que-A continuous-flow extraction system was developed to speed up,
vauviller, 1998). These procedures have been demon-facilitate, and improve the accuracy of the chemical fractionation of
strated to give satisfactory results for the targeted phasesmetals in solid materials. A three-step sequential extraction scheme

was used to evaluate the novel system by analyzing calcium (Ca), iron owing to a careful selection of reagents and detailed
(Fe), manganese (Mn), copper (Cu), and zinc (Zn) in a soil certified operating conditions. However, many authors (Kheb-
reference material (National Institute of Standards and Technology oian and Bauer, 1987; Shan and Chen, 1993; Tu et al.,
[NIST] SRM 2710). In the proposed system, extraction occurred in 1994; Raksasataya et al., 1996; Lo and Yang, 1998) have
a closed chamber through which extractants were passed sequentially. reported the problem of readsorption and the depen-
The extracts were collected in a number of subfractions for subsequent dence of readsorption on the phase composition of the
flame atomic absorption analysis. Apart from the advantages of sim-

sample being analyzed. Kheboian and Bauer (1987) dis-plicity, speed, and less risk of the contamination that flow analysis
covered that the recovery of spiked metals (Pb, Zn, Cu,systems usually possess, the continuous-flow system can improve the
Ni) was less for model mixed-phase sediments than foraccuracy of chemical fractionation of metals by sequential extraction.
single-phase materials, and questioned the selectivityThe system ensures that extraction is performed at designated pH
of the sequential extraction procedure. Some authorsvalues without any need of adjustment. Variation of sample weight

to chamber volume ratios from 1:12 to 1:40 had no effect on the (Howard and Shu, 1996; Raksasataya et al., 1997) have
extractability of the metals studied. In the extraction of the acid soluble attempted to counteract readsorption. For example,
fraction, concentrations of acetic acid in the range 0.11 to 0.5 mol L21 chelating agents have been added with the extractant
had no significant effect on the amounts of metals extracted, except to prevent readsorption and thus improve the accuracy
Fe. Increasing the concentration of hydroxylamine in the reducible of the extraction. They recommended that the extrac-
fraction step from 0.04 to 0.5 mol L21 affected the extraction efficiency tion times of the earlier steps of sequential extractions
for Fe, Mn, and Zn. The extraction profile, rather than a single value should be kept as short as possible so as to minimizeof extracted concentration, of each element offers additional informa-

the opportunity for readsorption to take place.tion about the kinetics of leaching processes and chemical associations
Being operationally defined procedures, sequentialbetween elements in the solid materials.

extractions inevitably give results that are dependent
on the extraction parameters such as type, concentra-
tion, and pH of each reagent, sample weight to extract-Sequential extraction to fractionate metals or other
ant volume ratios (S/E), extraction times and tempera-elements in solid materials (soils, sediments, sludge,
tures, methods of shaking and phase separation, etc.solid wastes, etc.) into several groups of different leach-
The effect of extraction conditions as potential sourcesability is widely employed to determine the distribution
of poor reproducibility was investigated (Sahilquillo etof metals in different phases. Although the procedures
al., 1999) using the BCR’s three-step sequential extrac-used are generally tedious and time consuming, the re-
tion procedure to analyze a certified reference material.sults furnish detailed information about the origin, mode
The authors found that the final pH of the extractantof occurrence, bioavailability, potential mobility, and
in the reducible metal extraction step could differ fromtransport of the metals in natural environments. The
its original pH by up to 1.5 pH units. The pH changetechnique is therefore widely used as a tool for the study
during extraction was dependent on the composition ofof the origin and fate of metals in the environment.
the sample and affected the amount of metal leachingHowever, despite the fact that the development and use
considerably. Davidson et al. (1999) also indicated thatof sequential extraction schemes started in the early
differences in extraction pH were an important source1970s, uniformity in the procedures used is still lacking.
of variability in analytical results. Some proposed proce-In addition, problems of poor selectivity, redistribution
dures, which emphasize the need to adjust the pH ofduring extraction, and the dependency of results on
extractants during extraction, should therefore not beoperating conditions have been frequently raised.
overlooked.The most widely used sequential extraction schemes
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and acid-soluble metal extraction steps. Varying the In this work, a novel approach will be presented to
improve the accuracy and comparability of sequentialS/E ratio from 1:5 to 1:50 has been found to affect ex-

tractability of some metals but not others (Shan and fractionation by solving many of the problems described
above. Instead of using a conventional batch extractionChen, 1993; Sahilquillo et al., 1999). Extraction tempera-

ture has also been found to affect the extraction effi- process, a continuous-flow extraction process has been
used. Although Hirner (1992) made a suggestion thatciency for some metals (Sahuquillo et al., 1999).

The effect of extraction time on metal extractability a dynamic extraction process in a flow cell could help
improve the extraction accuracy through reduction ofhas been reported not to be crucial, probably due to

the relatively long extraction time employed in most readsorption effects, no previous reports have been
made of any investigations using this approach.procedures. Maiz et al. (1997) proposed a rapid sequen-

tial extraction procedure by reducing the extraction time A continuous-flow extraction system was developed
and a three-step sequential extraction procedure wasin their metal bioavailability study of contaminated soils.

Perez-Cid et al. (1996) used an ultrasonic probe to re- used to test the system. The BCR scheme for metal
speciation was modified in this study because of its less-duce the extraction time from 16 h to 7 min. Other

researchers have recommended the use of a minimal complicated nature and rather wide acceptance. For the
first two steps of the sequential extraction, acetic acidextraction time to allow a steady state to be established

between sample and extractant, but not so long that and hydroxylamine hydrochloride are used to leach
acid-soluble and reducible fractions, respectively. Fordissolution of other phases can occur (Kennedy et al.,

1997). Finally, small operational variations in factors the oxidizable fraction, a mixture of hydrogen peroxide
and nitric acid is used to oxidize the targeted phase,such as speed of centrifugation, shaking mode, and

solid–liquid phase separation procedures have also been followed by leaching of the oxidized products with am-
monium acetate solution. It is not practical to followreported to cause noncomparability of results (Sahu-

quillo et al., 1999; Quevauviller et al., 1993). such a procedure exactly in a continuous-flow extraction
system. Therefore, extraction was performed using hy-Many attempts are being made toward achieving com-

parability and standardization of sequential extraction drogen peroxide in nitric acid alone. Since there have
been reports questioning the completeness of extractionprocedures by concerned institutions. Among them are

the International Standard Organization (ISO), which at ambient temperature, the effect of temperature and
other parameters such as extraction pH, reagent concen-coordinates working groups on standardization of ana-

lytical methods and suppliers of certified reference ma- tration, and sample weight to chamber volume ratio on
the extraction efficiency have also been investigated.terials who may include or have already included (Ure

et al., 1993; Nagourney et al., 1997) certified values for
the phase distribution of some metals. In addition, the MATERIALS AND METHODS
European Commission’s Standard, Measurement and

Extraction Chamber and SetupTesting Program (former BCR) (Quevauviller, 1998;
Quevauviller et al., 1998) has launched a project to bring An extraction chamber was designed to allow containment
together those concerned to join discussions leading to and stirring of a weighed sample. Extractants could flow se-

quentially through the chamber and leach metals from theharmonized and agreed procedures.

Fig. 1. Diagram of a continuous-flow system.
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targeted phases. Chambers and their covers (Fig. 1) were material was a highly contaminated soil from Montana, USA.
It was carefully prepared to achieve a high degree of homoge-constructed from borosilicate glass to have a capacity of ap-

proximately either 3 or 10 mL. The outlet of the chamber neity, and certified concentration values of a number of ele-
ments were given. It was used in this study to provide a conve-was furnished with a filter (Whatman [Maidstone, UK] glass

microfibre filter GF/B, 47-mm diameter, 1-mm particle reten- nient way for evaluation of the accuracy of the proposed
method and to allow for further comparison of results. Thetion) to allow dissolved matter to flow through. Extractant

was pumped through the chamber using a peristaltic pump highly contaminated soil was used in order to obtain extracts
in which most elements studied could be detected in all extrac-(Ismatec [Glattbrugg-Zürich, Switzerland] MS-CA4/620C) at

its highest rate using silicone tubing of 2-mm inner diameter tion steps.
A three-step sequential extraction was carried out using(flow rate for an aqueous solution is approximately 10 mL

min21 ). Heating of extractants, when required, was carried the following solutions:
out by passing extractant through a glass heating coil approxi- Step I: Solution A (0.11 mol L21 acetic acid)mately 1 m in length, which was wrapped in a winding heating Step II: Solution B (0.10 mol L21 hydroxylamine hydro-tape (Glas-Col [Terre Haute, IN] 300 watt). chloride in nitric acid, pH 2)

Step III: Solution C (8.8 mol L21 hydrogen peroxide ad-
Extraction in a Continuous-Flow System justed to pH 2 with 1 mol L21 HNO3 ).

A continuous-flow extraction with an on-line detection sys-
Sequential Extraction Proceduretem was initially investigated using the extraction chamber,

as in Fig. 1. The outlet from the chamber was directly con- A weighed sample (0.25 g or as otherwise stated) was trans-
nected to the nebulizer of a flame atomic absorption spectrom- ferred to a clean extraction chamber together with a magnetic
eter (FAAS). An extraction profile was obtained by plotting bar. A glass microfibre filter was then placed on the outlet
the analytical signal against extraction time. Since the flow followed by a rubber gasket, and the chamber cover was se-
rate of extractant to the FAAS was not uniform and decreased curely clamped in position. The chamber was connected to
with time due to gradual blockage of the filter by fine solid the extractant reservoir and the collector vial using silicone
particles, the peak area of the extraction profile could not be tubing and placed on a magnetic stirrer. The magnetic stirrer
directly related to the amount of metal extracted. An off-line and peristaltic pump were switched on to start the extraction.
system was therefore preferred for this study because it could Extract from the continuous flow extraction chamber was
give additional advantages. collected in plastic vials at required volume intervals. When

In the off-line system, the extract was collected in constant a total volume of approximately 160 mL was collected, the
volume subfractions. The subfractions were subjected to sub- next extractant was passed through and collection of subfrac-
sequent determination of metal concentration and other re- tions was repeated until all three leaching steps were com-
quired measurements. The remaining extracts can be kept for pleted. Between Steps II and III, pure water (ca. 20 mL) was
later use, unlike the on-line system where extracts are totally passed through the chamber to reduce the vigorous reaction
consumed by the FAAS measurement. In addition, the opera- between the two extractants. The extracts were subjected to
tion time of the spectrometer is much less in the off-line FAAS measurement after all extraction steps were finished.
system. The extraction profile, which will be referred to as For the highly contaminated soil, concentration of metals in
an extractogram hereafter, is obtained by a graphical plot of subfractions of extracts differed widely, therefore some sub-
concentration of metals against subfraction number. In an off- fractions of extract had to be diluted (2–10 times) before
line system, the volume of each subfraction will affect the FAAS determination. When a hot extractant was required,
number of subfractions to be collected. With smaller subfrac- an electrical voltage of 40, 50, or 60 V was supplied to the
tion volumes, a larger number of subfractions and a more heating tape to obtain an extractant temperature of 50 6 5,
detailed extractogram is obtained, although a longer detection 65 6 5, or 80 6 58C, respectively.
time is required.

In this study, flame atomic absorption spectrometric detec-
Total Dissolution of Sample and Dissolutiontion could be used owing to the high level of metals in the

of Residuesample investigated. More sensitive methods will be needed
for the detection of some trace elements in uncontaminated Closed-system digestion vessels from UNISEAL (Haifa,
soils. A FAAS (PerkinElmer [Norwalk, CT] Model 3100) Israel) of 20 mL capacity were used for acid digestion of
equipped with a deuterium background corrector was used soil or sediment samples. Weighed solid samples (0.250 g) or
for the determination of metals. Concentrations of metals were residues from the extraction chamber were transferred to the
obtained by the standard addition technique. vessels together with 5 mL HNO3 and 5 mL HF. The vessels

were then tightly sealed and heated in an oven at 1508C for
16 h. After cooling, the digested clear solutions were madePreparation of Standard Solutions and Glassware
up to volume in 50-mL volumetric flasks.Ultrapure water from a MilliQ water purification unit

(Millipore, Bedford, MA) was used throughout. All glassware
RESULTS AND DISCUSSIONused was previously cleaned and soaked in 10% HNO3 and

rinsed with pure water. Standard metal solutions (1000 mg Batch Extraction vs. ContinuousmL21 ) were purchased from Merck (Darmstadt, Germany) Flow Extractionor prepared in house from pure metals. Working standard
solutions were prepared by diluting the stock solution with In a batch extraction procedure, extraction is per-
ultrapure water when needed. formed until equilibrium is reached for metals between

the solid sample and the extracting solution. However,
Solid Materials and Extraction Reagents Vela et al. (1994) indicated that in some cases, most

elements might not achieve equilibrium concentrationA soil certified reference material, National Institute of
Standards and Technology (NIST) SRM 2710, was used. The at the end of the shaking time used. This may be another
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usually claimed as specific for the targeted phase and
cause the least effect on nontargeted phases. Table 1
shows the differences between two widely used extrac-
tion schemes: the BCR scheme and Tessier’s scheme.
It is interesting to investigate the effect of extraction
conditions on extractability, and examine how continu-
ous-flow extraction can be more advantageous in term
of lesser vulnerability to extracting conditions. The ex-
traction conditions investigated include temperature,
pH, extractant concentration, and sample weight to cham-
ber volume ratio (S/C).

Effect of Extraction Temperature
The effect of extraction temperature on Step II only

was performed for the following reasons. Both the BCR
and Tessier schemes (see Table 1) use ambient tempera-
ture for the extraction of the acid-soluble fraction. In
all reports, this fraction has always been carried out at
ambient temperature for fear that other phases could
be leached at elevated temperatures. Surprisingly, Ma-
han et al. (1987) reported that no significant difference
in extractability was evident when microwave-acceler-
ated extraction was compared with the conventional
procedure for all three steps of acid soluble, reducible,
and oxidizable metal extraction for the National Bureau
of Standards (USA) SRM 1645 sediment sample.

In the current study, the temperature of this first step
was maintained at ambient for the above reasons. For
Step III, a higher temperature should help to speed
up the oxidation reaction and is therefore desirable.
However, the temperature at this step could not be
performed at a temperature higher than 558C in the
flow system because of vigorous gas evolution, which
caused undesirable backpressure in the system. There-

Fig. 2. Extractograms at varying Step II temperatures for a 0.25-g fore, extraction was kept at 558C for Step III.
sample of SRM 2710 soil with a 10-mL extraction chamber volume; The extraction temperature of Step II differs betweensubfraction volume, 20 mL; ambient temperature (r), 658C (j)

the BCR and Tessier schemes; the BCR scheme usingand 808C (m). Temperatures of Steps I and III were kept constant
at ambient and 558C, respectively. an ambient temperature and Tessier’s using an elevated

temperature of 858C. It has been reported (Sahuquillo
et al., 1999) that temperature can substantially affectcause of poor reproducibility of the batch extraction
extractability at this step. The results of varying thetechnique. In a batch system, the metal extracted may
temperature of Step II for the proposed flow systemnot represent the total amount extractable. The amount
are presented in Fig. 2 for soil sample SRM 2710. It canextracted is dependent on the solubility limits that dif-
be seen from the extractograms that higher tempera-ferent metal ions have in equilibrium with other ions in
tures resulted in faster rates of leaching (sharp rise inthe extracting solution.
peaks) and in larger amounts being extracted (largerThe continuous-flow extraction is principally an ex-
peak areas). The double peak of Step II (Fig. 2) athaustive extraction process because fresh extractant is
elevated temperature may have resulted from the solu-continuously passing through the sample until the metal
bilization of two different phases of amorphous andin the targeted phase is completely leached, as seen
crystalline iron–manganese oxides. It was reported (Luofrom the signal gradually leveling off to background
and Christie, 1998) that extraction of the reducible frac-level. However, in some steps for some samples, the
tion was not complete if performed at ambient tempera-signal was found to become steady with no sign of it
ture. Leleyter and Probst (1999) extracted amorphousreaching background level (Fig. 2, Fe and Zn traces).
iron oxide at ambient temperature and its crystallineThis is probably due to the slow solubilization of nontar-
form at 808C. The temperature difference between thegeted phases. In such cases, the extraction was stopped
BCR and Tessier schemes for this step has been shownwhen the signal was less than 10% of the signal at peak
to result in lower amounts extracted by the BCR schememaximum, or when no further change in signal was ob-
compared with the Tessier scheme (Usero et al., 1998).served.

Different extraction schemes show wide variations in From the extractogram in Fig. 2, it can be seen that the
use of 658C can separate the reducible phase into twoextraction conditions, although the conditions used are
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Table 1. Comparison of extraction conditions for two commonly used schemes.

Conditions BCR scheme† Tessier’s scheme‡

1. pH and reagent Step I: AcOH 0.11 M Step I: AcONa/AcOH 1 M, pH 5
concentration Step II: NH2OH·HCl 0.1 M, pH 2 Step II: NH2OH·HCl 0.04 M in 25% AcOH

Step III: H2O2 8.8 M, pH 2–3; NH4OAc 1 M, pH 2
Step III: 3 mL 0.02 M HNO3; 5 mL 30% H2O2, pH 2;

3 mL 30% H2O2, pH 2; NH4OAc 3.2 M in 20% (v/v)
HNO3

2. Temperature and time Step I: ambient, 16 h Step I: ambient, 5 h
Step II: ambient, 16 h Step II: 96 6 38C, 6 h
Step III: ambient, 1 h (H2O2); 858C, 2 h (H2O2); Step III: 85 6 28C, 2 h (H2O2); 85 6 28C, 2 h (H2O2); ambient,

858C, 1 h (H2O2); ambient, 16 h (NH4OAc) 30 min (NH4OAc)

3. Sample weight to extractant Step I: 1 g/40 mL Step I: 1 g/8 mL
volume ratio Step II: 1 g/40 mL Step II: 1 g/20 mL

Step III: 1 g/10 1 10 mL (H2O2); 1 g/50 mL (NH4OAc) Step III: 1 g/11 mL (H2O2) 1 g/11 1 5 mL (NH4OAc)

† BCR, Community Bureau of Reference (European Community); from Sahuquillo et al., 1999.
‡ From Tessier et al., 1979.

peaks believed to be amorphous and crystalline oxide attacked at different temperatures may be different,
leading to varying extractabilities. The results from thisphases, respectively. Ambient temperature was unable

to completely extract the reducible phase. Use of 808C work show that a temperature of 658C should be used
at this step for improved extractability and for selectivecompared with 658C did not have much effect on the

extractability of Ca, Mn, and Cu but affected Fe and extraction of amorphous and crystalline oxides phases
without attacking the nontargeted phases. This tempera-Zn. The reason for this can be seen from the extracto-

grams for Fe and Zn that show further leaching oc- ture was used in the following experiments.
curring on prolonged extraction at 808C. This resulted
in higher amounts of Fe and Zn extracted at Step II Effect of the pH of Extraction
and lower amounts extracted in the following step. This

The pH of an extraction can seriously affect the leach-effect can be observed in both the extractograms (Fig.
ability of metals, especially for the extraction of acid-2) and on the amounts of metals extracted (Table 2).
soluble fractions. For this reason, the pH of the finalTable 2 shows the sum of the amounts of metals in
solution in a batch process should be measured andall subfractions collected at each step at three different
brought to the designated extraction pH (Quevauvillerextraction temperatures at Step II, while the tempera-
et al., 1993). Failure to maintain the pH of extractiontures of the other steps were kept constant. The amounts
can lead to erroneous results especially in the case ofextracted are found to be higher at higher extraction
highly acidic or alkaline samples. In a continuous-flowtemperatures for all elements studied. This agrees with
system, the pH of extraction in the earlier subfractionsSahuquillo et al. (1999), who found improved extract-
can differ from the designated value but gradually ap-ability for Pb, Ni, Cu, and Zn when the temperature
proaches and reaches the designated pH when the leach-was raised from 20 to 26 and 408C.
ing is near to completion (Fig. 3).The results obtained from this study suggested that

If not measured and carefully adjusted, the extractiontemperature should be selected carefully in this type of
operationally defined fractionation. The phases being pH in a batch process can be substantially different from

Table 2. Extractable amount of Ca, Fe, Mn, Cu, and Zn using continuous-flow sequential extraction at varying temperatures of Step II
for SRM 2710 soil. Chamber volume, 10 mL; subfraction volume, 20 mL. Detection limits for Ca, Fe, Mn, Cu, and Zn are 0.14, 0.18,
0.07, 0.03, and 0.03 mg L21 extract, respectively, or 89, 115, 45, 19, and 19 mg g21 soil, respectively (when metals are assumed to be
equally distributed in the total extract volume of each step).

Amount extracted
Temperature Total Certified

Element (Step II) Step I Step II Step III Residue amount total value

mg g21 sample 6 2 SD† mg g21

Ca ambient 1.77 6 0.06 0.38 6 0.06 ND‡ 9.8 6 0.2 12.0 6 0.13 12.5 6 0.3
658C 1.57 6 0.06 0.27 6 0.02 ND 9.4 6 0.2 11.2 6 0.12
808C 1.84 6 0.28 0.37 6 0.10 ND 10.1 6 0.4 12.3 6 0.29

Fe ambient ND 3.39 6 0.28 2.62 6 0.56 26.6 6 4.6 32.6 6 2.7 33.8 6 1.0
658C ND 5.16 6 0.64 1.68 6 0.02 26.7 6 2.8 33.5 6 1.7
808C ND 6.92 6 1.66 1.32 6 0.10 27.4 6 4.4 35.6 6 2.7

Mn ambient 1.61 6 0.20 1.65 6 0.24 1.44 6 0.44 5.60 6 0.20 10.30 6 0.29 10.1 6 0.4
658C 1.86 6 0.04 2.63 6 0.02 1.98 6 0.38 4.20 6 0.16 10.70 6 0.21
808C 1.49 6 0.12 2.60 6 1.02 0.91 6 0.20 4.98 6 0.12 9.90 6 0.53

Cu ambient 1.13 6 0.06 0.69 6 0.01 0.26 6 0.02 0.87 6 0.08 2.95 6 0.05 2.95 6 0.13
658C 1.61 6 0.02 0.84 6 0.01 0.17 6 0.02 0.49 6 0.16 3.11 6 0.08
808C 1.59 6 0.06 0.88 6 0.03 0.09 6 0.02 0.42 6 0.12 2.98 6 0.07

Zn ambient 1.40 6 0.20 0.48 6 0.32 1.47 6 0.16 3.60 6 0.20 6.95 6 0.23 6.95 6 0.09
658C 1.64 6 0.02 1.57 6 0.16 1.26 6 0.06 2.40 6 0.16 6.87 6 0.12
808C 1.59 6 0.16 2.58 6 0.22 1.26 6 0.10 2.04 6 0.12 7.47 6 0.16

† n 5 3.
‡ Not detectable.
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Fig. 3. Change of pH of the extract during continuous-flow extraction. Sample, 0.25 g SRM 2710 soil; chamber volume, 10 mL; subfraction, 20 mL.

the nominal value. Table 3 shows the results of multiple the more refractory crystalline forms of oxyhydroxides
in the sample.batch extractions of the same sample shown in Fig. 3

without any pH adjustment during extraction. It can be
seen that the pH still deviated slightly from the nominal Effect of Sample Weight to Chamber
value even in the third batch of the multiple batch pro- Volume Ratio
cess. Better control of extraction pH at the nominal Extraction by a batch process has usually been carriedvalue should lead to better accuracy and precision of out by shaking a weighed solid sample in a known vol-extraction in a flow system. ume of extractant until equilibrium is reached. The sam-

ple to extractant volume ratios (S/E) vary from 1:5 to
Effect of Reagent Concentration 1:50. The BCR scheme uses a ratio of 1:40 for all steps,

while the Tessier scheme uses 1:8 for the acid solubleThe effect of reagent concentration on extraction has
fraction and 1:20 for the reducible fraction (Table 1).been studied previously (Sahuquillo et al., 1999; Maiz
The effect of S/E ratio was studied (Maiz et al., 1997)et al., 1997). Higher concentrations of calcium chloride
and extractable amount of metals was found to decreasewere found to increase the extraction efficiency for
when the S/E ratio increased. This effect was more obvi-exchangeable metals (Cd, Cu, Mn, and Ni) in con-
ous for some metals than others. This is possibly causedtaminated soils (Maiz et al., 1997). Changing the con-

centration of the reducing agent (hydroxylamine hydro-
chloride) from 0.1 to 0.5 mol L21 was reported to increase
the amount of metal extracted and improve precision
(Sahuquillo et al., 1999). The effect of reagent concen-
tration for the flow system is presented in Fig. 4 and 5.
No significant difference in extractability for Ca, Mn,
Cu, and Zn in Step I was observed when the acetic acid
concentration was increased from 0.11 to 0.22 and 0.50
mol L21, while Fe was slightly affected (Fig. 4). How-
ever, for Step II, greater amounts of Fe, Mn, and Zn
were extracted when the extractant concentration was
increased from 0.04 to 0.10 and 0.50 mol L21 (Fig. 5).
This may be attributed to a more effective attack on

Table 3. pH of extract in a multiple-batch extraction. Sample,
SRM 2710 soil; sample weight to extractant volume ratio, 0.50
g/20 mL.

pH of extract

First Second Third
pH of extractant batch successive batch successive batch

Fig. 4. Effect of varying acetic acid concentration on metal fraction
Step I, pH 3.05 3.35 3.26 3.18 distribution in soil (SRM 2710). Sample weight, 0.25 g; chamber
Step II, pH 1.88 2.11 2.02 2.00 volume, 10 mL; temperatures of Steps I, II, and III were ambient,
Step III, pH 1.86 2.07 2.03 2.01 658C, and 558C, respectively.
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S/C ratios for all metals having high concentration levels
(Table 4). Some variability was observed in the results
for Ca (Step II) as attributed from relatively low concen-
trations and for Fe, Mn, and Zn (Step III) as a result
of the variability of extraction temperature due to inef-
fective control. It appears that variability was higher
for Steps II and III, which were performed at elevated
temperatures. More precise control of temperature of
extraction should lead to improved results. Extractabil-
ity being unaffected by the S/C ratio is one of the advan-
tages of the continuous-flow extraction system over the
batch method. The S/C ratio, on the other hand, can
affect the flow rate of extractant in the flow system. At
constant power of the pump, the flow rate of extractant
increased with decreasing S/C ratio (Fig. 6), especially
for a chamber volume of 10 mL. This effect was due to
the increase in surface area of the filter per sample
weight in the bigger chamber. It can be seen that low
S/C ratios can reduce extraction time significantly. How-Fig. 5. Effect of varying hydroxylamine concentration on metal frac-
ever, at low S/C ratios, metal concentrations in extractstion distribution in soil (SRM 2710). Sample weight, 0.25 g; chamber

volume, 10 mL; temperatures of Steps I, II, and III were ambient, become diluted; therefore, the S/C ratio should be se-
658C, and 558C, respectively. lected considering the concentration levels and the de-

tection limits of the element of interest.
by the solubility limits that different metal ions can exist The detection limits for the continuous-flow approach
with in equilibrium with other ions in the solution. can be somewhat poorer than for the batch method at

Extraction by a continuous-flow procedure is an ex- similar S/C or S/E ratios. This occurs because larger
haustive process and the metals in the targeted phase volumes of extractant are used with the continuous flow
are totally leached, as can be observed from the ex- method (160 mL compared with 10 mL in a single batch
tractograms. Thus, extractability can be expected to be extraction for 0.25 g sample). However, since the metals
unaffected by the S/C ratio. are not equally distributed between the subfractions but

Table 4 shows the effect of S/C ratio on the extract- are mostly leached in the first few subfractions, this is
ability of Ca, Fe, Mn, Cu, and Zn for the proposed not as big a problem as it might initially appear. For
continuous-flow system. The total amounts of metals example, in Step II (Fig. 2), metals were mostly leached
extracted, which were obtained by summation of all in the first subfraction. The concentration of metals in

the first subfraction (20 mL) would be about half ofsubfractions, showed no significant difference at varying

Table 4. Extractable amounts of Ca, Fe, Mn, Cu, and Zn using continuous-flow sequential extraction at various sample weight to
chamber volume ratios (S/C) for SRM 2710 soil. Detection limits for Ca, Fe, Mn, Cu, and Zn are 0.14, 0.18, 0.07, 0.03, and 0.03 mg
L21 extract, respectively, or 89, 115, 45, 19, and 19 mg g21 soil, respectively (when metals are assumed to be equally distributed in
the total extract volume of each step).

Amount extracted
Sample weight tochamber

Element volume ratio (S/C) Step I (ambient) Step II (658C) Step III (558C) Sum (of three steps)

mg g21 sample 6 2 SD† mg g21

Ca 1:12‡ 1.70 6 0.10 0.12 6 0.05 ND¶ 1.82 6 0.15
1:20‡ 1.90 6 0.20 0.14 6 0.04 ND 2.04 6 0.24
1:20§ 1.70 6 0.10 0.11 6 0.01 ND 1.81 6 0.11
1:40§ 1.97 6 0.20 0.20 6 0.06 ND 2.17 6 0.26

Fe 1:12‡ ND 10.0 6 1.6 1.80 6 0.19 11.9 6 1.8
1:20‡ ND 8.5 6 0.3 2.70 6 0.08 11.3 6 0.4
1:20§ ND 7.4 6 1.4 1.20 6 0.80 8.7 6 2.2
1:40§ ND 7.6 6 0.1 1.80 6 0.30 9.5 6 0.4

Mn 1:12‡ 19.6 6 0.150 3.72 6 0.09 0.45 6 0.06 6.13 6 0.30
1:20‡ 1.81 6 0.37 3.83 6 0.27 1.33 6 0.31 6.97 6 0.95
1:20§ 1.76 6 0.01 3.66 6 0.14 0.32 6 0.04 5.74 6 0.19
1:40§ 1.71 6 0.01 2.93 6 0.50 0.57 6 0.24 5.21 6 0.75

Cu 1:12‡ 1.72 6 0.07 0.81 6 0.02 0.12 6 0.01 2.65 6 0.09
1:20‡ 1.72 6 0.17 0.88 6 0.07 0.13 6 0.01 2.73 6 0.25
1:20§ 1.57 6 0.13 0.92 6 0.11 0.13 6 0.02 2.62 6 0.26
1:40§ 1.66 6 0.01 0.90 6 0.07 0.14 6 0.02 2.70 6 0.10

Zn 1:12‡ 1.67 6 0.02 2.22 6 0.04 1.29 6 0.09 5.18 6 0.11
1:20‡ 1.62 6 0.05 2.50 6 0.10 1.55 6 0.07 5.67 6 0.22
1:20§ 1.54 6 0.09 2.06 6 0.26 0.93 6 0.32 4.53 6 0.67
1:40§ 1.44 6 0.03 1.85 6 0.11 0.90 6 0.20 4.19 6 0.34

† n 5 3.
‡ Chamber volume, 3 mL.
§ Chamber volume, 10 mL; subfraction volume, 15 mL.
¶ Not detectable.
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sizes. For most soils and sediments, which have been
analyzed in our laboratory, the time required has ranged
from 2 to 6 h. Although analysis of a single sample for
a continuous-flow system takes much less time than the
batch system, the latter system can be more rapid when
several samples (5–20 samples) are extracted in parallel.
To enable simultaneous extraction of several samples
in one run, a setup is currently being designed in our
laboratory using a multiposition magnetic stirrer and a
multichannel peristaltic pump to replace the stirrer and
the pump used in this work.

The problem of flow rate changes during extraction
may also be overcome by using a more powerful con-
stant-flow pump. This will be investigated further in order
to make this continuous-flow extraction approach more
attractive for routine use.

The Extractogram as a Tool for the Evaluation
of Chemical Associations between

Fig. 6. Flow rate of extraction at various sample weight to chamber Elements in Solid Phasesvolume ratios. 1:12, 3-mL chamber (r); 1:20, 3-mL chamber (d);
1:20, 10-mL chamber (m); 1:40, 10-mL chamber (j). Sample, SRM In the proposed continuous-flow extraction system,
2710 soil; subfraction volume, 15 mL. Extraction time for three- the amount of each element in a particular phase wasstep procedure is also indicated on each graphical plot.

obtained by summation of the amounts in all subfrac-
tions of each step. Apart from the information of metal
distribution in various phases, extractograms of eachthat of the batch extraction using 10 mL of extractant.

As a result, the detection limit of the continuous-flow element as obtained by a graphical plot of extracted
concentration and subfraction number can provide addi-extraction approach would be only twice that of the

batch extraction. tional useful information. Figure 7 shows the extracto-
grams for five metals of a reference soil sample. TheAs for the extraction time required, when a S/C ratio

of 1:40 for the soil SRM 2710 (particle size ,74 mm) appearance of the peaks of the extractograms can be
used for further evaluation of the chemical associationwas used, a three-step extraction took approximately

3 h to complete. The extraction time required for other of elements in the sample. For example, double peaks
were evident for Ca, Fe, Mn, and Zn (a single peak forsample types can vary due to their nature and particle

Fig. 7. Extractograms of sequential extraction of Ca (r), Fe (j), Mn (m), Cu (s), and Zn (d) for SRM 2710 soil. Sample, 0.25 g; chamber
volume, 10 mL; subfraction volume, 15 mL. Temperature of Steps II and III were 65 and 558C, respectively.
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Table 5. Comparison of extraction results of SRM 2710 soil with those of other authors.

Amount extracted
Certified

Elements and data from Step I Step II Step III Residue Total value

mg g21 sample mg g21

Ca Li et al., 1995† 1.94 6 0.15 0.22 6 0.03 0.15 6 0.02 10.40 6 1.00 12.70 6 1.00 12.50 6 0.30
Hall et al., 1996† 2.76 6 0.13 0.81 6 0.04 0.36 6 0.02 8.40 6 0.43 12.33 6 0.61
Ho et al., 1997† ND‡ ND ND ND ND
This work (flow)§ 2.10 6 0.26 0.48 6 0.26 0.20 6 0.20 8.43 6 1.40 11.21 6 0.73
This work (batch)§ 1.00 6 0.16 0.30 6 0.08 0.16 6 0.04 10.50 6 0.60 11.96 6 0.31

Fe Li et al., 1995† 0.20 6 0.09 5.15 6 1.82 0.47 6 0.20 28.10 6 2.60 33.90 6 3.20 33.80 6 1.00
Hall et al., 1996† 0.090 6 0.01 9.42 6 0.25 5.11 6 0.04 15.94 6 0.23 30.56 6 0.24
Ho et al., 1997† ND ND ND ND ND
This work (flow)§ 0.13 6 0.08 6.80 6 1.72 1.78 6 0.42 23.80 6 0.48 32.51 6 0.92
This work (batch)§ 0.10 6 0.04 6.30 6 0.44 1.22 6 0.28 27.00 6 2.60 34.62 6 1.33

Mn Li et al., 1995† 1.31 6 0.14 4.66 6 0.87 0.63 6 0.04 3.83 6 0.24 10.40 6 0.90 10.10 6 0.40
Hall et al., 1996† 1.01 6 0.01 4.52 6 0.02 0.17 6 0.01 3.38 6 0.03 9.08 6 0.04
Ho et al., 1997† ND ND ND ND ND
This work (flow)§ 1.96 6 0.30 3.72 6 0.18 0.45 6 0.12 4.37 6 1.20 10.50 6 0.63
This work (batch)§ 1.02 6 0.22 4.10 6 0.30 0.33 6 0.04 3.29 6 0.42 8.74 6 0.28

Cu Li et al., 1995† 0.90 6 0.06 0.70 6 0.11 0.66 6 0.07 0.39 6 0.03 2.65 6 0.14 2.95 6 0.13
Hall et al., 1996† 1.50 6 0.09 0.93 6 0.06 0.10 6 0.01 0.44 6 0.01 2.96 6 0.01
Ho et al., 1997† 0.99 6 0.05 0.85 6 0.02 0.39 6 0.02 0.43 6 0.10 2.66 6 0.13
This work (flow)§ 1.58 6 0.18 0.98 6 0.10 0.13 6 0.02 0.25 6 0.08 2.94 6 0.11
This work (batch)§ 0.85 6 0.16 0.80 6 0.16 0.74 6 0.38 0.44 6 0.10 2.83 6 0.23

Zn Li et al., 1995† 1.19 6 0.05 2.01 6 0.26 0.39 6 0.03 2.86 6 0.35 6.45 6 0.44 6.95 6 0.09
Hall et al., 1996† 1.48 6 0.01 1.74 6 0.03 1.04 6 0.02 2.02 6 0.03 6.28 6 0.02
Ho et al., 1997† 1.21 6 0.06 1.12 6 0.03 0.52 6 0.04 3.61 6 0.35 6.46 6 0.09
This work (flow)§ 1.63 6 0.06 2.39 6 0.26 1.38 6 0.32 2.44 6 0.42 7.84 6 0.30
This work (batch)§ 0.99 6 0.16 2.10 6 0.50 0.52 6 0.08 2.98 6 0.22 6.55 6 0.29

† Batch sequential extraction method.
‡ Not determined.
§ 2 6 SD, n 5 3.

Cu) for the reducible phase (Step II). Since this step traction scheme (Table 6). Comparison can therefore
dissolves oxides and hydroxides of Fe and Mn, the dou- be done on an approximate basis only.
ble peaks may be ascribed as originating from the amor- Table 5 compares the previously reported results of
phous and crystalline phases of such materials. The exis- batch sequential extraction of soil SRM 2710 with those
tence of Zn in the reducible phase can be evaluated obtained from this work using both continuous-flow
from the double peak of the Zn extractogram in Step extraction and batch extraction. The continuous-flow
II as associated with both the amorphous and crystalline extraction was performed using the modified BCR
phases, with a higher proportion in the crystalline phase. scheme as described in the experimental section. The
Copper, showing a single peak, is thought to be associ- temperature of Step II was performed at 808C because
ated solely with the amorphous phase. The usefulness ambient temperature was found to only partially leach
of extractogram in this aspect will be described in more the reducible phases. The batch extraction was per-
details in a separate report. formed as described by Sahuquillo et al. (1999), with

Step II performed at 808C. Li et al. (1995) used a four-
Comparison of Sequential Extraction Data step sequential extraction, therefore their results of the

exchangeable fraction and acid-soluble fraction wereThe use of a certified reference material (SRM 2710)
combined to compare with Step I of the other results.in this study enables comparison of the results of sequen-
Hall et al. (1996) used a four-step extraction with twotial extraction of the same sample reported by various
steps for the reducible fraction. The results of reducibleauthors. Although several authors have reported results
fraction were therefore calculated from the sum of bothof sequential extraction for SRM 2710 (Table 5), it ap-

pears that each report has used a slightly different ex- reducible fractions. It should also be noted that Hall et

Table 6. Extraction schemes used in Table 5.

Author Step I Step II Step III

Li et al., 1995 20.5 M MgCl2, pH 7 0.04 M NH2OH·HCl 8.8 M H2O2

21.0 M AcONa, pH 5 (S/E 5 1:8)† in 25% AcOH, 968C (S/E 5 1:20) in 0.02 M HNO3, pH 2, 858C
(S/E 5 1:16)

Hall et al., 1996 1.0 M AcONa, pH 5 (S/E 5 1:30) 20.25 M NH2OH·HCl in 0.05 M KClO3, HCl, 4 M HNO3, 908C
HCl, 608C 21.0 M NH2OH·HCl in 25% (S/E 5 1.50)
AcOH, 908C (S/E 5 1:50)

Ho et al., 1997 0.11 M AcOH (S/E 5 1:40) 0.1 M NH2OH·HSO4 in NHO3, pH 2, 8.8 M H2O2 in NHO3, pH
ambient (S/E 5 1:40) 2-3, 858C (S/E 5 1:40)

This work (flow & batch) 0.11 M AcOH (S/C & S/E 5 1:40)‡ 0.1 M NH2OH·HCl in HNO3, pH 2, 658C 8.8 M H2O2 in HNO3, pH 2,
(S/C & S/E 5 1:40) 558C (flow), 858C (batch)

(S/C & S/E 5 1:40)

† S/E, sample weight to extractant volume ratio.
‡ S/C, sample weight to chamber volume ratio.
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al. (1996) extracted each step twice and combined the although the pH at the beginning can also be affected by
the acid–base nature of the sample.extracts in order to improve extractability. Ho and Ev-

ans (1997) used a three-step extraction with Step II
performed at ambient temperature.

CONCLUSIONSOur results for the continuous-flow method show
higher values than for our batch method for almost all Advantages of the continuous-flow extraction proce-
elements in the earlier extraction steps, indicating bet- dure for metal speciation were demonstrated. The pro-
ter extractability using the flow method. For Step I, it cedure is simple and easy to perform because tedious
can be seen that the results of Hall et al. (1996) and procedures such as solid–liquid phase separation by cen-
the continuous flow method show higher values than trifugation and filtration are not required. As a result,
the other reported values. This can be explained by the there is less risk of contamination from the experimental
better extractability of the flow method and the replicate environment and personal procedural errors. The proce-
extraction used by Hall et al. (1996). The results for dure is rapid because no equilibrium has to be estab-
Step II by Ho and Evans (1997) show lower values than lished between the solid–liquid phases. A three-step
other results because the extraction was performed at extraction can be carried out within 2 to 6 h compared
ambient temperature. This is especially true for Zn, with 2 to 3 d for a batch method. No washing step is
which was found to be associated more with the crystal- required in a flow extraction system because there is
line oxide phase, which was more difficult to dissolve no cross contamination between extraction steps; if nec-
(see previous section). essary in some cases, washing between steps can be

Generally, it can be said that the results from the five simply done by flowing pure water between extraction
reports are acceptable as evaluated by comparison of steps.
the sum of all fractions with the certified values. The Change in pH during extraction occurs only at the
variability of the flow method for some elements can beginning of the extractant flow, therefore, extraction
be rather high because the result of each fraction is can be presumably considered as performed at the desig-
obtained from summation of data of eight subfractions. nated pH conditions without any need of pH adjustment
Fewer subfractions are recommended for smaller vari- during extraction. The S/C ratio does not affect the
ability and less FAAS measurement time if fine ex- amounts of metals extracted. The S/C ratio can be ad-
tractograms are not required. The variability of each justed considering the concentration of metals to be
fraction between different authors can be explained by determined. For metals with low concentrations, a high
the variability of the procedures used. This confirms the S/C ratio can ensure that metal concentrations in ex-
urgent need to establish an agreed sequential extraction tracts are at detectable levels, however with a sacrifice
procedure for better comparability. of a slower flow rate and extraction speed. As for the

Extraction performed in a continuous-flow manner effect of extractant concentration, it was found that Step
can be more favorable than the batch counterpart for I was less vulnerable to varying concentration and the
many reasons. First, extraction in a flow system can value of 0.11 to 1.0 mol L21 acetic acid has little effect
better guarantee complete leaching of the targeted on extractability of metals studied. However, extraction
phase without limitations due to the low solubility of of the reducible fraction was more sensitive to concen-
the extractable phase in the solution medium. This is be- tration change.
cause leaching occurs continuously in a flowing stream Extraction using a continuous-flow system still has
of fresh extractant. The completeness of leaching in a many areas to be investigated. The problem of readsorp-
batch process depends very much on the solubility of the tion in this system should be much less than in a batch
phase of interest in the extractant under the particular process because extraction times are greatly reduced,
operating conditions. Using the batch system, it was thereby allowing minimum opportunity for readsorp-
reported that extraction should be performed twice to tion to occur. The study of readsorption problems is
improve the extractability (Hall et al., 1996). We have currently ongoing and will be presented in a future re-
found better recovery using a multiple extraction com- port. The use of extractograms to evaluate the chemical
pared with a single extraction at each step for most soil association of elements in solids is another area requir-
samples analyzed (unpublished results). This indicated ing further investigation.
that dissolution of the targeted phase for most elements
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